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Here we characterize the response of the Drosophila segmentation system to mutations in two gap
genes, Kr and kni, in the form of single or double homozygotes and single heterozygotes. Segmentation
gene expression in these genotypes was quantitatively monitored with cellular resolution in space and
6.5 to 13 min resolution in time. As is the case with wild type, we found that gene expression domains
in the posterior portion of the embryo shift to the anterior over time. In certain cases, such as the gt
posterior domain in Kr mutants, the shifts are signiﬁcantly larger than is seen in wild type embryos.
We also investigated the effects of Kr and kni on the variability of gene expression. Mutations often
produce variable phenotypes, and it is well known that the cuticular phenotype of Kr mutants is
variable. We sought to understand the molecular basis of this effect. We ﬁnd that throughout cycle 14A
the relative levels of eve and ftz expression in stripes 2 and 3 are variable among individual embryos.
Moreover, in Kr and kni mutants, unlike wild type, the variability in positioning of the posterior Hb
domain and eve stripe 7 is not decreased or ﬁltered with time. The posterior Gt domain in Krmutants is
highly variable at early times, but this variability decreases when this domain shifts in the anterior
direction to the position of the neighboring Kni domain. In contrast to these ﬁndings, positional
variability throughout the embryo does not decrease over time in double Kr;kni mutants. In
heterozygotes the early expression patterns of segmentation genes resemble patterns seen in
homozygous mutants but by the onset of gastrulation they become similar to the wild type patterns.
Finally, we note that gene expression levels are reduced in Kr and kni mutant embryos and have a
tendency to decrease over time. This is a surprising result in view of the role that mutual repression is
thought to play in the gap gene system.
& 2013 Elsevier Inc. All rights reserved.Introduction
The segmented body plan in Drosophila is determined by a
rapid cascade of maternal and zygotic gene expression that
operates at the early stages of embryonic development. Gap
genes are the most upstream zygotic component of the segmen-
tation system in regulatory terms. They are also the ﬁrst zygotic
genes to establish discrete territories of gene expression, being
expressed in broad and partially overlapping domains along the
anteroposterior (A–P) axis of the Drosophila blastoderm embryo
(Jaeger, 2011). Regulation of pair-rule genes by gap genes creates
the characteristic pair-rule pattern of seven transverse stripes.ll rights reserved.
a).The concerted action of the pair-rule system in turn gives rise to
the initial expression of segment polarity genes at cellular
resolution at the onset of gastrulation (Ingham, 1988; Nu¨sslein-
Volhard et al., 1987; DiNardo et al., 1988). This is the time when
the segmental pattern is determined (Simcox and Sang, 1983).
Over the last decade, quantitative studies have yielded sig-
niﬁcant progress in understanding the genetic network control-
ling segmentation in Drosophila (Houchmandzadeh et al., 2002;
Spirov and Holloway, 2003; Gregor et al., 2007a,b; He et al., 2008;
Surkova et al., 2008a; Manu et al., 2009b). In wild type, these
quantitative studies have led to two new discoveries. First, in the
posterior of the embryo expression domains shift towards the
anterior over time. Second, the variability of gene expression
decreases over time. In this paper, we quantitatively characterize
the molecular phenotypes of mutations in two trunk gap genes,
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et al., this issue) concerns the molecular phenotype of the
terminal gap gene tailless (tll). A central issue for both studies is
the role of variability and shifts in the mutant genotypes.
Recently it was shown that the morphogenetic ﬁeld control-
ling segmentation in wild type embryos exhibits error-correcting
properties. For example, high spatial variability inherent to long-
range gradients of Bicoid (Bcd) and Caudal (Cad) is decreased or
ﬁltered at a level of zygotic expression of gap and pair-rule genes
(Houchmandzadeh et al., 2002; Spirov and Holloway, 2003;
Surkova et al., 2008a). Moreover, this ﬁltration is a dynamic
process as the early zygotic segmentation gene expression is also
spatially variable and this variability decreases when gastrulation
approaches. In general, all kinds of variability in gene expression
are decreased in individual wild type embryos by the onset of
gastrulation, which is the time of segment determination
(Surkova et al., 2008a). This is an illustration of the phenomenon
of canalization proposed by C.H. Waddington. Waddington cor-
rectly predicted the observed reduction in variability over 60 yr
ago (Waddington, 1942) and his prediction was based on the fact
that phenotypic variability in mutants was greater than in wild
type. Thus, it is important to check whether his observation
remains correct at the molecular level.
Null mutations in Kr and kni result in signiﬁcant defects in the
Drosophila larval cuticle, which often vary from embryo to
embryo. Kr null mutants show deletions of thoracic and anterior
abdominal segments (A1–A5). Mutant embryos may have three
denticle bands or four, and one band may or may not have reverse
polarity (Nu¨sslein-Volhard and Wieschaus, 1980; Wieschaus
et al., 1984). In kni mutant embryos there are only two rather
than eight abdominal denticle bands. Segments A1–A7 are fused
into a single ﬁeld and the eighth abdominal segment is normal
(Nu¨sslein-Volhard and Wieschaus, 1980; Lehmann, 1988).
Our goal was to investigate to what extent the variability in
cuticular phenotypes is determined by the variability in gene
expression at the time when segments are determined. A limited
amount of information on variability of gene expression in mutants
has been previously published. In Kr mutants the positional varia-
bility of the posterior border of anterior Hunchback (Hb) domain
remains unchanged with respect to wild type (Houchmandzadeh
et al., 2002), but doubles in Kr;kni double mutants, which also cause
an increase in variability of the posterior border of the anterior Giant
(Gt) domain (Manu et al., 2009b). To get a more comprehensive
view of this problem, we decided to examine both single Kr and kni
mutants and double Kr;kni mutants.
We also sought to compare dynamic movements of expression
domains in wild type and mutant embryos. In wild type, the
posterior domains of gap and pair-rule genes dynamically shift
their positions in an anterior direction during cycle 14A (Surkova
et al., 2008a; Jaeger et al., 2004b). In Krmutants this phenomenon
is known to be enhanced, as it has been reported from qualitative
data that in late cycle 14 the posterior Gt domain is shifted into
the central region of an embryo (Eldon and Pirrotta, 1991; Kraut
and Levine, 1991b). The shifted position of Gt presumably causes
signiﬁcant reduction in the amplitude of the kni domain observed
in these mutants (Pankratz et al., 1989; Capovilla et al., 1992). In
this paper we demonstrate that the posterior Gt domain shows
complex dynamic behavior which is not consistent with the
previously published results.
A further issue is that the literature contains contradictory
statements concerning domain positions in mutants. For exam-
ple, it has been reported that in Kr mutants the posterior border
of the anterior Hb domain is shifted posteriorly into the territory
of the absent Kr domain (Ja¨ckle et al., 1986; Warrior and Levine,
1990; Hu¨lskamp et al., 1994), but an early quantitative study
reported that the posterior Hb boundary in Kr mutants has thesame position as in wild type embryos (Houchmandzadeh et al.,
2002).
In this paper we present a detailed analysis of the spatial
variability of gap gene and even skipped (eve) expression domains
in Kr, kni and Kr;kni mutant embryos. We study how the level of
positional error and the variability in the shape of the expression
proﬁle depends on anterior–posterior (A–P) position and devel-
opmental time within cycle 14A. We characterize the averaged
expression of Kr, kni, hb, gt and eve throughout cycle 14A and
compare the dynamic changes in position and amplitude of
expression domains in mutants and wild type.Materials and methods
We obtained Kr embryos from the Drosophila melanogaster
Kr1 amorphic allele (Wieschaus et al., 1984). kni embryos were
collected either from Df(3L)ri-79c or Df(3L)ri-XT1, ru[1] st[1] e[1]
ca[1] stocks. Kr;kni double mutant embryos were made by cross-
ing Kr1 and Df(3L)ri-79c ﬂies. 3–4 h old embryos were ﬁxed and
stained as described elsewhere (Kosman et al., 1998; Janssens
et al., 2005). We used primary antibodies against Bcd, Cad, Kr, Kni,
Gt, Hb, Tll, Eve and Fushi tarazu (Ftz) (Kosman et al., 1998;
Azpiazu and Frasch, 1993) and secondary antibodies conjugated
to Alexa Fluor 488, 555, 647, and 700 (Invitrogen). Each embryo
was also stained with either anti-histone H1.4 antibody (Chemi-
con) or Hoechst 34 580 (Invitrogen) to mark the nuclei.
Laterally oriented embryos were scanned using a Leica TCS SP2
or Leica TCS SP5 confocal microscope as described (Janssens et al.,
2005). Null mutants had no expression in Kr or/and kni channels,
and in heterozygotes expression level was nearly halved.
For each experiment, the microscope gain and offset para-
meters were set to the maximum expression level of a given gene
in wild type embryos and then the same settings were applied for
mutants. The 8-bit 10241024 digital images of gene expression
in mutants were acquired from embryos belonging to cleavage
cycle 14A. Embryos from the earlier cleavage cycles had very low
levels of Kr and kni expression that did not allow us to distinguish
null mutants from heterozygotes. Each embryo was additionally
scanned in the differential interference contrast (DIC) mode to
estimate the degree of membrane invagination (Surkova et al.,
2008a).
Quantitative gene expression data and averaged (integrated)
patterns were acquired as previously described (Janssens et al.,
2005; Myasnikova et al., 2005; Surkova et al., 2008a, 2011) using the
recently developed tools ProStack and BREReA (Kozlov, 2008; Kozlov
et al., 2009). For spatial registration and data integration, embryos
from cleavage cycle 14A were distributed into 8 time classes about
6.5 min each on the basis of measurement of degree of membrane
invagination, as well as characteristic features of the eve gene
expression pattern (Surkova et al., 2008a). In order to increase
sample sizes for statistical analysis of both positional shifts and
the spatial variability of expression domain in mutants, we merged
each of two neighboring temporal classes into four time groups with
a time resolution of about 13 min each (Fig. 1). These time groups
roughly correspond to four phases of blastoderm cellularization
(Lecuit and Wieschaus, 2000; Schroeder et al., 2011).
Our dataset includes quantitative data on expression of hb, kni,
gt, eve, ftz, bcd, cad and tll in 270 Kr embryos, as well as data on
expression of hb, Kr and eve in 68 kni- embryos. Data on the
expression of hb and gt in 29 Kr;kni double mutant embryos were
obtained for time classes 4–7 of cycle 14A. We analyzed ftz
expression in Kr embryos and eve expression in kniþ/kni
heterozygotes only in individual embryos because of the absence
of sufﬁcient amount of data for averaging. Processed data on
expression of the same genes in wild type embryos were taken
Fig. 1. The expression of eve in the 8 time classes (T) of cycle 14A. Each time class is 6.5 min long. Vertical bars at the left-hand side show four time groups each including
two neighboring time classes (see Materials and Methods). (A–H) High magniﬁcation DIC images of the blastoderm morphology. The vertical black lines indicate the
cortical cytoplasm, the black arrows in time classes 1 and 2 indicate the elongation of nuclei, and the white arrows in time classes 3–8 show the position of the membrane
front. (I–P), (Y–F1), (O1–V1) Images of eve expression in a typical wild type, Kror kniembryo from the indicated time class. (Q–X), (G1–N1), (W1–D1). The one-
dimensional eve integrated patterns for 8 time classes. Stripe numbers are indicated for the patterns from time class 5. Panels (A–P) of this ﬁgure were previously
published (Surkova et al., 2008a).
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et al., 2009).
In our study, we used the A–P positions of expression maxima
(‘‘peaks’’) as well as points where expression is 50% of maximum
(‘‘borders’’) (Surkova et al., 2008a) as characteristic quantitative
features. These expression domain features were extracted using
the fast dyadic wavelet transform (FRDWT) or the quadratic
spline approximation (Myasnikova et al., 2001; Surkova et al.,
2008a,b, 2011). To validate the signiﬁcance of temporal changes
in the positions of expression domains (‘‘shifts’’), we performed
ANOVA (StatSoft Statistica version 6.0) to test the differences
between mean A–P positions of characteristic features of expres-
sion domains in each time group for statistical signiﬁcance at a
conﬁdence level of P¼0.05. The positional variability of expres-
sion patterns was estimated by computing the standard devia-
tions (SD) of the A–P positions of characteristic features. A two-
sample F-test was performed to test the difference in levels of
positional variability of different characteristic features in
mutants and wild type for statistical signiﬁcance.
All values of shifts, as well as standard deviations of the
positions of characteristic features, were calculated in percent of
embryo length (EL).Results
Quantitative segmentation gene expression in gap mutants
In this section we use a quantitative approach to perform the
comparative analysis of dynamics of segmentation gene expression
in Kr, kni and Kr;knimutants with the emphasis on expression of gap
genes Kr, kni, gt and hb and the pair-rule gene eve.Thorough analysis of the quantitative proﬁles of the maternal
gene bcd, maternal and zygotic gene cad, as well as terminal gap
gene tll in Kr mutants did not reveal any differences from wild
type as previously observed (Bro¨nner and Ja¨ckle, 1991). Kr activity
is required for late zygotic cad expression in Malpighian tubules,
but not in the blastoderm embryo (Liu and Jack, 1992).Gap genes
knirps and giant. Altered expression of kni and gt is the
distinctive feature of Kr mutant embryos.
In Kr mutants kni is expressed at low levels at all times, rising
to maximum of about 1/10 wild type levels at time class 5
(Fig. 2A–G, Supplementary Fig. S2). Subsequently, expression
levels decline further, reaching levels only slightly above back-
ground just prior to gastrulation. The fall of gene expression levels
at late times is common to almost all gap domains in both wild
type and mutant embryos (Fig. 4, Surkova et al., 2008a), but we
note that this distinctive feature is evident even when the level of
gene expression in a domain is very low.
In Kr embryos, the peak of the kni domain is located about
3% EL anterior to its position in wild type (Supplementary Table
S1) in early and late cycle 14A.
Both anterior and posterior domains of gt expression are
signiﬁcantly altered in Kr and Kr;kni mutant embryos. The most
astonishing feature of gt expression in Kr– embryos is a dynamic
shift of the posterior Gt domain towards the center of the embryo
to the position of the Kni domain (Fig. 2, Supplementary Table S1,
Fig. 6). Both in Kr and Kr;kni mutants this domain is broader than
in wild type, however, it also contracts with time (Supplementary
Table S3). Moreover, the posterior domain of Gt is signiﬁcantly
lower than in wild type. Its maximum amplitude is half that of
wild type and it further decreases from time class 4 onward.
Fig. 2. Temporal dynamics of kni expression in Krmutants and gt expression in Kr and Kr;knimutants compared to wild type embryos. Integrated patterns of kni (A–C) and
gt (H–K) expression are shown for the indicated time classes (T) of cycle 14A. Four domains of late Gt expression are labeled on panel (K). (D–G) and (L–O) show
representative confocal images of individual embryos stained for expression of kni and gt respectively.
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observed at the onset of cycle 14A, exhibiting a level of reduction
comparable to that of the Kni domain (Figs. 2 and 4B, C). In kni
mutants the gt posterior domain is as low as that of kni in Kr
mutants, although it is not displaced as compared with wild type
(Kraut and Levine, 1991b).
In Krmutants the anterior gt domain is also expressed at lower
levels than in wild type, especially in early and late cycle 14A
(Fig. 2H, K). Interestingly, this domain is not expanded to the
posterior in Kr embryos as was previously reported (Kraut and
Levine, 1991a,b). We ﬁnd that in both Kr and Kr;kni mutant
embryos the position of the posterior border of the anterior Gt
domain is nearly the same as in wild type embryos (Fig. 2,
Supplementary Table S1).
The integrated pattern of gt expression in Kr single mutants
from time classes 4–7 nearly coincides with that in Kr;kni double
mutants. The only small observable difference in the integrated
data is the shape of the second anterior domain (Fig. 2I, J). We
believe this to be experimental error caused by variation in
dorsoventral (D–V) orientation, as the anterior Gt domains have
reduced ventral expression in wild type and mutants (Fig. 2L–O).
Kru¨ppel and hunchback. In mutants the expression of Kr and hb
is altered less than that of gt and kni.
The shape and position of the Kr central domain in knimutants
are nearly the same as in wild type embryos (Fig. 3, Supplemen-
tary Table S1), a fact which argues against the previously reported
posterior expansion of this domain (Ja¨ckle et al., 1986; Gaul and
Ja¨ckle, 1987). The coincidence of positions of the Kr domain in
wild type and mutants is illustrated in Fig. 3B, in which the
patterns are normalized with respect to maximum expression
level. The level of Kr expression in kni mutants is reduced to 75%
of wild type expression at T7 (Fig. 3A), but the reduction is more
severe earlier and later (Supplementary Fig. S1D).
As is the case with Kr in kni mutants, the position of the
anterior Hb domain remains unchanged in Kr, kni and Kr;knimutant embryos (Supplementary Table S1). Taken together with
our result on the absence of expansion of the anterior Gt domain
in mutants, this shows that the average positions of the anterior
and central domains appear to be more robust to mutations than
was previously thought.
The formation of the parasegment 4 (PS4) stripe (Wu et al.,
2001) is a distinctive feature of late anterior hb expression. We
ﬁnd that in most of the Kr and Kr;kni mutant embryos from late
cycle 14A the PS4 domain is absent and the upper part of Hb
border is more shallow than in wild type (Fig. 3M). This supports
previous observations that a mutation in the Kr gene affects PS4
stripe formation (Hu¨lskamp et al., 1994; Wu et al., 1998). At later
times this alteration leads to increase in positional variability of
the anterior Hb domain (see below).
The level of expression in the anterior hb domain is lower in
mutants than in wild type embryos, the lowest levels being
observed in kni and Kr;kni double mutants (Fig. 3). In kni mutants
the anterior Hb domain grows rapidly until time class 5 and then
declines to the level detected at the beginning of cycle 14A. In Kr
mutants the amplitude of the anterior Hb domain in general
shows the same dynamics as in wild type embryos, although at
the end of cycle 14A its decrease is greater (Fig. 4A).
The Hb posterior domain in knimutants is formed only in time
class 3, about 13 min later than in Kr mutants and wild type
(Supplementary Fig. S4). Despite the late appearance, both in kni
and Kr mutants the posterior Hb domain ceases to grow or
declines from mid-cycle 14A onward, earlier than in wild type
embryos (Fig. 4A). In Kr;kni double mutants the level of hb
posterior expression is as low as in kni single mutants (Fig. 3).
In both Kr and Kr;kni mutants the Hb posterior domain
maximum is located about 3% EL more anteriorly than in wild
type (Supplementary Table S1). In Kr mutants the size of the Hb
posterior domain is the same as in wild type both in early and late
cycle 14A (Supplementary Table S3). By contrast, in Kr;kni double
mutants this domain is 4% EL wider because its anterior border
Fig. 3. Temporal dynamics of Kr and hb expression in mutants compared to wild type embryos. Integrated patterns of Kr (A) and hb (E–H) expression are shown for the
indicated time classes (T) of cycle 14A. (B) Kr patterns from (A) normalized to maximum expression level to compare average A–P positions. (C,D) and (I–L) show
representative confocal images of individual embryos stained for expression of Kr and hb respectively. (M) Defects in formation of hb PS4 stripe in Kr and Kr;kni mutants
compared to kni mutants and wild type. Averaged Hb anterior expression in time class 7 is shown as percent maximum level. PS4 stripe region is marked by a box. (N) hb
posterior expression in time class 6 is normalized on maximum expression level to visualize loss of sharpness of the anterior border of this domain in Kr;kni mutants. The
shallow anterior border and the localized region of repression are marked with horizontal and vertical arrows respectively.
S. Surkova et al. / Developmental Biology 376 (2013) 99–112 103loses its sharpness and forms a shallow gradient (Supplementary
Table S3, Fig. 3N). However, unlike the previously reported
complete derepression in the region between hb domains (Clyde
et al., 2003), we still detect the local minimum adjacent to the
posterior border of the anterior domain (Fig. 3N).Even skipped
Localized effect of kni mutation. In general, the alteration of the
eve expression pattern caused by a null kni mutation is local and
mostly conﬁned to the region which in wild type would produce
stripes 4–6 (‘4–6 domain’). This region roughly corresponds to the
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Fig. 4. Temporal dynamics of the averaged levels of maximum intensity within gap domains in cycle 14A in Kr and kni mutants compared to wild type embryos.
Fig. 5. eve expression in Krþ/Kr heterozygotes. (A,B) Integrated patterns of eve in wild type, Krþ/Kr and Kr embryos are shown for time classes 3 and 8. Arrows on
panel B show that stripe 2 has equal width in wild type and heterozygotes. (C) Temporal changes in the size of eve expression patterns in wild type, Krþ/Kr and Kr
embryos. Pattern sizes were calculated as the difference between average positions of stripes 7 and 1 maxima (% EL).
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4 and 6 at high concentration and those of stripes 3 and 7 at low
concentration (Clyde et al., 2003). Surprisingly, the interstripes 3/
4 and 6/7 are still formed although Kni is completely absent
(Fig. 1A2–D2).
The formation of eve stripes is signiﬁcantly delayed compared
to wild type and begins only in time classes 3–4 (Fig. 1W1–Z1). In
time class 5 stripes 1–3 and 7 are formed, but the interstripes are
more shallow than in wild type.
Stripes 4–6 are merged together, but their expression is still high
(Fig. 1A2). Stripe 7 dynamically moves to the anterior as in wild type
embryos (Surkova et al., 2008a and see below). In kni mutant
embryos, stripe 3 has a larger amplitude than other extant stripes,
in contrast to wild type where the amplitude is essentially equal.
After time class 5, when all stripes are formed, the shape of eve
pattern remains almost unchanged. The only dynamic feature is
the decrease of expression level in the 4–6 domain by gastrulation
(Fig. 1S1–V1 and A2–D2).
Non-localized effect of Kr mutation. In Kr null mutants the 7-
striped eve pattern is signiﬁcantly altered (Frasch and Levine,
1987; Warrior and Levine, 1990; Kraut and Levine, 1991a) and
exhibits complex dynamic behavior, as described below.
In contrast to wild type, where the early eve pattern forms a
gradient with a maximum at the position of the future stripe 1, inKr mutants from time class 1 the ﬁrst eve stripe has a steep
posterior border (Fig. 1Y, G1). As in wild type embryos, stripe
7 forms in time class 2 and moves a signiﬁcant distance towards
the anterior during cycle 14A (Surkova et al., 2008a and see
below). This leads to a net contraction of the eve pattern over time
(Fig. 5C). Stripes 1 and 7 do not change their shape throughout all
cycle 14A.
The remaining stripes 2–6 are fused into two large expression
domains, ‘2–3’ and ‘4–6’ (Fig. 1J1–L1). In time class 4 these
domains start to divide and then grow, still being largely fused.
At this time we ﬁnd that the territory of eve pattern affected by
Kr mutation extends from about 37–74% EL (Fig. 1J1) and affects
stripes 2–6, although Kr sets the inner borders of stripes 2 and 5
(Small et al., 1991; Stanojevic et al., 1991; Fujioka et al., 1999).
This suggests that such a strong alteration of eve pattern in Kr
mutants mostly depends on changes in expression of other gap
genes, e.g. gt and kni.
In time classes 5 and 6 the splitting of the eve 4–6 domain is
more pronounced ventrally, while stripes remain fused dorsally
and laterally (Fig. 1C1, D1). Integrated patterns show that Eve
amplitude is higher in the posterior part of each large domain
(Fig. 1K1, L1).
In time classes 7 and 8 the anterior part of the 4–6 domain
gradually disappears and the posterior part grows and narrows.
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divided by the formation of an interstripe in the ventro-lateral
part of an embryo (Fig. 1F1, N1).
Heterozygotes: dynamic changes frommutant-like to wild type-like
expression. Heterozygotes in segmentation genes are useful mate-
rial for the study of embryonic canalization. Reducing the gene
dosage by a factor of two causes a near proportional reduction in
expression levels, but this altered molecular phenotype typically
does not give rise to a cuticular phenotype. Kr is of particular
interest because canalization in heterozygotes is incomplete, as
Krþ/Kr larvae have subtle but clearly detectable cuticular defects
(Wieschaus et al., 1984). For these reasons we analyzed gene
expression in Krþ/Kr and kniþ/kni heterozygotes.
With respect to Kr, we ﬁnd that in general the shape and size of
the early eve pattern in Kr heterozygotes resemble those in null
mutants, while the late eve patterns are more like wild type. As is
the case for Kr homozygotes, in Krþ/Kr heterozygotes from time
class 3 both the band of fused stripes 4–6 and stripe 7 have low
amplitude and are shifted to the anterior (Fig. 5A). However, in mid-
cycle 14A all seven stripes become separated from each other,
although stripes 3–5 are still weaker than in wild type. By the end of
cycle 14A all seven stripes reach a high level of expression, although
stripes 3–5, located at the territory of Kr domain, still remain narrow
(Fig. 5B). We do not detect the broadening of eve stripe 2 reported in
a previous study (Warrior and Levine, 1990). Fig. 5B shows that this
stripe has the same width as in wild type.
In wild type embryos and Kr null mutants the reﬁnement of eve
stripes is accompanied by dynamic shrinking of the expression
pattern (Fig. 5C). In heterozygotes from early cycle 14A the eve
pattern is as narrow as that seen in null mutants, but by the onset of
gastrulation it has nearly the same size as in wild type embryos.
In kni heterozygotes eve stripe 5 is completely absent until
time class 5 but it almost reaches the wild type level by
gastrulation (Supplementary Fig. S7). Nevertheless this stripe
remains narrower than other stripes, like stripes 3–5 in Kr
heterozygotes (Fig. 5B and Supplementary Fig. S6B,C,D).
Thus, in kni heterozygotes eve patterns exhibit more localized
defects than in Kr heterozygotes. This resembles to some extent
the effects of kni and Kr null mutations on eve expression.
Positional dynamics of gene expression domains
Here we perform the comparative study of positional dynamics
of the segmentation gene expression domains in wild type and
mutants during cycle 14A with particular emphasis on the analysis
of domain positions, shifts and spatial width. In order to put such an
analysis into a proper context it is necessary to consider several facts
about the behavior of segmentation gene expression domains in
wild type. By the end of cycle 14A the wild type gap domains are
approximately 10% EL in width and the widths of the reﬁned pair-
rule stripes are about 3% EL. Correct expression of pair-rule genes is
required for correct initiation of stripes of engrailed (en) and wingless
(wg) which are about 1% EL (one nucleus) wide and demarcate the
positions of the future parasegment borders (DiNardo and O’Farrell,
1987; Ingham et al., 1988). In particular en expression is initiated at
the anterior margins of ftz and eve stripes. This means that even a
small change in the position of expression domain can play a
signiﬁcant role in the Drosophila body segmentation.
As is the case with wild type embryos (Surkova et al., 2008a), all
shifts of the posterior expression domains in Kr and kni mutants are
statistically signiﬁcant and directed from the posterior to anterior.
Kni and Hb posterior domains shift by about 2% EL in wild type
embryos. In Krmutants the shift of the Kni domain is a little smaller
than in wild type, and the shift of the Hb domain is a little larger. In
kni mutants the posterior Hb domain shifts as it does in wild type
embryos (Fig. 6A,B and Supplementary Table S2).The most signiﬁcant movement which occurs is that of the Gt
posterior domain, both in wild type embryos and in Kr mutants
where the shift is much larger. At cycle 14A the peak of the Gt
domain moves by 8.4% EL in wild type and by 13.3% EL in Kr
mutants (Fig. 6A–C and Supplementary Table S2), exceeding the
shifts of the neighboring Kni and Hb domains by more than 10%
EL (Supplementary Table S2). The shift of the Gt domain in Kr
mutants results in the movement of this domain from the vicinity
of the posterior Hb domain all the way to the Kni domain: the
positions of the Gt and Kni domain maxima nearly coincide by
gastrulation (Fig. 6C and Supplementary Table S1).
Closer inspection shows that the shift of the posterior Gt
domain has a very different time course in Kr mutant embryos
compared to wild type. In wild type embryos, this domain shifts
by 4.8% EL in time groups 1–2 and moves only slightly thereafter.
In Kr mutants the Gt posterior domain shift continues for a longer
period of time. In early and mid cycle 14A Gt shifts by 5% and 5.9%
EL respectively and its movement slows to half its previous at
time group 4 just prior to gastrulation (Table 1), when Gt and Kni
domains superimpose (Fig. 6C).
The shift of Eve stripe 7 in Kr null mutants is larger than that of
the posterior Kni and Hb domains and smaller than the shift of
the posterior Gt domain. This stripe shifts by 4.5%, 6% and 6.7% EL
in wild type, Kr and kni embryos respectively. In contrast, in
Kr heterozygotes Eve stripe 7 moves only by 2.8% EL (Supple-
mentary Table S2). This shift is half that seen in Kr null mutants
and does not result in signiﬁcant shrinking of the whole eve
pattern in cycle 14A (Fig. 5C). The movements of other abdominal
stripes in the eve patterns in mutants are much less pronounced.
In Kr mutants small domain movements are an integrated part of
the complex pattern evolution throughout all cycle 14A (Fig. 1G1–
N1). In kni mutants stripes 4–6 are absent, but this does not lead
to shifts of the remaining anterior stripes (Fig. 1A2–D2).
All of the estimates of the posterior domain shifts described
above were based on the accurate identiﬁcation of the domain
maximum positions in individual embryos. The domain borders,
in general, show similar positional dynamics, although the shift of
the anterior border is always smaller than that of the maximum
and the posterior border shift is always larger. Such an ante-
roposterior asymmetry in the border movements is observed in
wild type embryos and leads to a net contraction of the expres-
sion domains over time (Surkova et al., 2008a). Supplementary
Table S3 shows that in Kr mutants the Gt and Hb posterior
domains also contract with time but the Gt domain is about 5%
EL broader than in wild type. The size of the Hb domain is
approximately the same in wild type and Kr (Supplementary
Table S3) or kni mutant embryos (not shown).
In Kr;kni double mutants both the shift and spatial width of
the posterior Gt domain are the same as in Kr mutant embryos
(Fig. 2I, J, Supplementary Table S3). On the contrary, the Hb
posterior domain in double mutants is broader than in wild type
and Kr mutants due to the shallow anterior border (Fig. 3N),
noteworthy that the position of this domain maxima is not
changed (Supplementary Table S1).
In contrast to posterior domains, none of the anterior domains
in Kr mutants change position with time, as the shifts presented
in Supplementary Table S4 are all statistically insigniﬁcant. The
maximum of Eve stripe 1 and the posterior border of the anterior
Hb domain do not shift signiﬁcantly in kni mutants either.
Variability of gene expression
Shape variability of even skipped expression proﬁles in Kr mutants
As we have previously reported, wild type eve patterns are
very variable in shape at the time of stripe formation in time
classes 2 and 3. This variability decreases in late cycle 14A and by
Fig. 6. Temporal shifts of expression domains in mutant and wild type embryos. (A,B) Values of positional shifts of posterior domains in wild type embryos (A) and Kr
mutants (B) are shown for time groups 1–4 (posterior kni and gt) and 2–4 (eve stripe 7 and posterior hb). Shifts are calculated from the expression domain maxima, shift
values indicate motion to the anterior. All values are statistically signiﬁcant at the 0.05 conﬁdence level. The sample sizes for each domain are shown in Supplementary
Table S2. (C) Positional shifts of kni and gt domains in wild type and Kr mutant embryos in cycle 14A. Error bars show the standard deviation of the average domain
positions in each time group. (D–G) Superimposed integrated patterns of gap genes from time class 7 for wild type (D), kni (E), Kr (F) and Kr;kni (G) embryos,
showing the positions of expression domains in late cycle 147A. The broken blue line in (E) shows the wild type gt expression with the diminished posterior domain,
because in kni mutants it is not displaced as compared with wild type (Kraut and Levine, 1991b). Vertical color bars illustrate Kr and kni positions in wild type
(light color in D) and in mutants (dark color in F–G). (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of
this article.)
Table 1
Positional shifts of Gt posterior domain in three time groups from cycle 14A. The
values for shifts were calculated as the difference between mean positions in
neighboring time groups. All shifts are statistically signiﬁcant at a 0.05
conﬁdence level.
Time group Shift of Gt post domain
Wild type Kr
1–2 4.8 5.9
2–3 1.0 5.0
3–4 1.7 2.4
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dual embryos (Surkova et al., 2008a). In contrast to eve expression
in wild type and kni mutants, in Kr mutant embryos the averaged
eve pattern evolves throughout all cycle 14A with some stripes
becoming fused and others becoming separated (Fig. 1G1–N1).
Here we investigate if this dynamic behavior translates into the
embryo-to-embryo variability in the pattern shape.
In most mutant embryos eve stripes start to appear in time
class 4, later than in wild type (Fig. 1B1, J1 and Supplementary
Fig. S5G). Fig. 7A–D shows four patterns of eve expression in
individual embryos from time class 4. The high variability in an
amplitude of emerging stripes is evident mostly for the 2–3 and
4–6 domains of expression. Thus, as in wild type, the highest
embryo-to-embryo variability in the shape of mutant eve patterns
is observed at the time of stripe formation. ftz expression exhibits
the same behavior. Moreover, early eve and ftz patterns do notshow any regularities in mutual co-localization of expression
domains (Fig. 7I).
Four late eve patterns from time class 8 are shown in Fig. 7E–
H. Although at this time the eve pattern is still highly dynamic
(see the above sections), the variability between individual
embryos is reduced as compared with time class 4 (Fig. 7A–D).
The most variable are the dividing stripes 2 and 3 and the 4–6
domain shows much less variability despite of being more D–V
dependent (Fig. 1F1).
Based on the results discussed above we conclude that the
greatly altered eve expression in Krmutants still shows a decrease
in variability of the shape of the pattern over time, despite being
more variable than wild type in the region of dividing stripes
2 and 3. Moreover, eve and ftz patterns become strictly comple-
mentary by gastrulation except for the ‘‘unstable’’ 2–3 domains.
Fig. 7J and K shows two late embryos with the similar shape of eve
patterns but quite different shape of ftz patterns in this region.
This means that in the anterior Eve and Ftz concentrations may
vary independently from each other, like they do in early embryos
(Fig. 7I).Spatial variability of gene expression in mutants
In this section we describe how mutations in either Kr, kni, or
both affect the variability in positions of other segmentation gene
expression domains.
In wild type embryos, the high positional variability of the
maternal genes bcd and cad is dynamically and gradually
decreased or ﬁltered at the level of zygotic gene expression.
Fig. 7. eve and ftz expression in individual Kr embryos. (A–H) eve in time classes 4 (A–D) and 8 (E–H). Stripes 2–3 still remain variable prior to gastrulation. (I–K)
Superimposed eve and ftz patterns in an individual embryo from time class 3 (I) and two embryos from time class 8 with similar expression of eve but different patterns of
ftz in the 2–3 domains, marked by a dashed box (J and H).
Table 2
Spatial variability of domain features. The standard deviations and sample size N of the A–P positions of features of certain gap gene expression domains are shown for
wild type and mutant embryos. ‘‘Gt ant post border’’ denotes the position of the posterior border of the anterior Gt domain, ‘‘Hb ant post border’’ denotes the posterior
border of the anterior Hb domain, ‘‘Kni post max’’ denotes the maximum of the posterior Kni domain, ‘‘Gt post max’’ denotes the maximum of the posterior Gt domain, and
‘‘Hb post max’’ denotes the maximum of the posterior Hb domain.
Domain Gt ant post border Hb ant post border Kni post max
Genotype/time group Wild type Kr Kr;kni Wild type kni Kr Kr;kni Wild type Kr
1 1.6 (N¼39) – – 1.8 (N¼33) 2.2 (N¼9) 2.0 (N¼15) – 1.3 (N¼29) 0.8 (N¼8)
2 1.5 (N¼37) 1.7 (N¼17) 2.2 (N¼17) 1.7 (N¼41) 1.2 (N¼14) 1.7 (N¼25) 1.9 (N¼17) 1.0 (N¼25) 1.4 (N¼12)
4 1.1 (N¼32) 1.5 (N¼26) 1.9 (N¼12) 1.0 (N¼39) 1.1 (N¼23) 2.4 (N¼27) 2.0 (N¼11) 1.0 (N¼33) 1.0 (N¼11)
Domain Gt post max Hb post max
Genotype/time group Wild type Kr Kr;kni Wild type Kr kni Kr;kni
1 2.8 (N¼38) 4.6 (N¼25) – – – – –
2 1.3 (N¼39) 2.0 (N¼17) 4.2 (N¼17) 1.4 (N¼25) 2.1 (N¼25) 2.8 (N¼14) 2.9 (N¼17)
4 1.2 (N¼29) 1.7 (N¼27) 2.9 (N¼12) 1.0 (N¼36) 2.4 (N¼27) 2.1 (N¼23) 3.3 (N¼11)
S. Surkova et al. / Developmental Biology 376 (2013) 99–112 107In cycle 13 and early cycle 14A the spatial variability of these
genes takes intermediate values and attains its lowest level by
mid-cycle 14A. In general, we consider the positional error be
high if the standard deviation of the domain position exceeds
2% EL. However, there could be some exceptions in the presence
of high stripe curvature or other D–V effects.
Spatial variability of the position of the Gt posterior domain
signiﬁcantly changes with time both in wild type embryos and in
Kr mutants. In the wild type embryos the variability, 2.8% EL at
early times, falls to its lowest level of 1.2% EL by gastrulation. In Kr
mutants we observe a similar tendency, but the early variability is
extremely high (SD¼4.6% EL) and comparable to that observed in
maternal gradients (Surkova et al., 2008a). By late cycle 14A it
decreases to 1.7% EL and according to the F-test this value doesnot differ signiﬁcantly from that in wild type embryos. This
reduction of spatial variability is temporally correlated with the
movement of the posterior Gt domain of more than 13% EL in an
anterior direction (Table 1, Fig. 6B and C).
In double Kr;kni mutants the positional error of the Gt poster-
ior domain is also very high but it does not decrease in late times
(Table 2).
The positional variability of the posterior Hb domain at early
times is 2–3 times higher than in wild type (Table 2). Surprisingly,
it does not decrease over time both in single Kr or kni mutants or
in double Kr;kni mutants. As in the case for posterior Hb, in single
null mutants the positional variability of Eve stripe 7 remains
permanently high throughout cycle 14A (Table 3) and is statisti-
cally unequal to that in wild type.
Table 3
Spatial variability of eve stripe maxima. The standard deviations of the A–P positions for eve stripes 3 and 7 are shown for time groups 2 and 4 together with the sample
size N for each domain.
Genotype Wild type Krþ/Kr Kr kni
Time group 2 4 2 4 2 4 2 4
Stripe 3 1.2 (N¼176) 1.2 (N¼168) 1.3 (N¼10) 1.6 (N¼26) 1.8 (N¼22) 1.3 (N¼32) 1.7 (N¼13) 1.5 (N¼25)
Stripe 7 1.7 (N¼172) 1.6 (N¼168) 2.8 (N¼17) 1.7 (N¼26) 3.0 (N¼36) 2.8 (N¼35) 3.0 (N¼9) 3.0 (N¼25)
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7 nevertheless decreases in Kr heterozygotes by the end of cycle
14A (Table 3). This decrease parallels the alteration of the eve
pattern shape from mutant-like to wild type-like (see above,
Fig. 5).
The more anterior Eve stripes do not show high variation in all
genotypes, as illustrated in Table 3 using stripe 3 as an example.
Spatial variability within the anterior Gt domain and posterior kni
domain in Kr mutants (Table 2) and central the Kr domain in kni
mutants (not shown) is also low and comparable with that in wild
type. The Hb anterior domain in kni mutants shows increased
spatial variation in time group 2, that halves at later times and
then does not differ signiﬁcantly from wild type (Table 2).
Surprisingly, in Kr mutants the variability of the anterior Hb
domain increases by late cycle 14A (Table 2). This is presumably
due to the defect in the posterior border of PS4 stripe observed in
Kr mutants (Fig. 3M). The lack of a Hb variability increase in kni
mutants supports this hypothesis.
Positional error of both Gt and Hb anterior domains is
increased in Kr;kni double mutants (Manu et al., 2009b) and it
does not decrease over time as in a case of posterior domains of
these genes (Table 2). In time group 4 the difference in variability
of the domain positions between double mutants and wild type is
statistically signiﬁcant.Discussion
In this paper we presented a detailed quantitative description
of the segmentation gene expression in Drosophila embryos
mutant for two trunk gap genes, Kr and kni. Although many
studies of this type were conducted in the late 1980s and early
1990s, these studies characterized mutant expression patterns by
images that were not subject to further quantitation. Moreover,
although some investigators obtained images at different stages,
staging was imprecise and most publications from that period
contain either one image of the mutant pattern or a small number
of different stages. The combination of quantitative expression
data and high time resolution produces a qualitatively improved
picture of the time evolution of typical patterns and their
variability over time in the segmentation system. We consider
these new ﬁndings and their implications in this section.
Positional dynamics in mutants
Previous studies showed that the posterior domains of seg-
mentation genes shift their positions to the anterior in wild type
embryos during cycle 14A, while the trunk anterior domains do
not move over time (Surkova et al., 2008a; Jaeger et al., 2004b). It
was also shown that in cycle 14A the gap domain positions are
determined by a two-tier cross-repression between gap gene
domains, in which strong repression between non-adjacent
domains and weaker asymmetric repression between overlapping
domains (Jaeger et al., 2004a). The latter interactions are respon-
sible for anterior shifts of the posterior gap domains (Jaeger et al.,
2004b).Our results demonstrate that in general the positional
dynamics of gene expression in Kr, kni and Kr;kni mutants are
qualitatively similar to wild type in two senses. First, domains in
the anterior half of the embryo do not shift, but domains in the
posterior half do. Second, domains in the posterior half of the
embryo tend to shift to the anterior. At the quantitative level,
shifts are larger in mutants but this effect differs sharply from
domain to domain.
The expression domains located in the anterior part of the
presumptive Drosophila trunk region do not move both in mutant
and wild type embryos (Supplementary Table S4). Moreover, by
the end of cycle 14A the anterior and central domains have nearly
the same A–P positions in mutants and wild type (Supplementary
Table S1). We ﬁnd no evidence that the Gt and Hb anterior
domains in Kr and Kr;kni mutants, or the Kr central domain in kni
mutants expand to the posterior as was reported in earlier works
(Supplementary Table S1, (Ja¨ckle et al., 1986; Warrior and Levine,
1990; Hu¨lskamp et al., 1994; Kraut and Levine, 1991a,b; Gaul and
Ja¨ckle, 1987). Moreover, none of these domains shift into the
territory of a corresponding domain missing due to mutation
(Fig. 6E–G).
The most dramatic alteration of gene expression in Kr
embryos is the large anterior shift of the posterior Gt domain.
In cycle 14A the posterior Gt domain moves by more than 13% EL
in an anterior direction to the position of the neighboring Kni
domain (Fig. 6B,C and F and Supplementary Table S1). This shift is
much greater than the shift in Gt seen in wild type.
In wild type embryos, the anterior border of the posterior gt
domain is set by Kr and Kni repression. In Kr null mutants the lack
of gt repression by Kr and a very weak repression by Kni make it
possible for gt domain to move further than in wild type embryos
to the territory of kni expression. This happens due to the
repression by the posterior Hb domain, as it was inferred by
mathematical modeling approach (Kozlov et al., 2012).
As is true in wild type embryos (Surkova et al., 2008a), in
mutants the movements of gap domains are accompanied by
their net contraction because of the larger shifts of posterior
boundaries, and all shifts of the trunk domains in mutants are also
directed from the posterior to the anterior of an embryo (Supple-
mentary Tables S4 and S2).
This suggests that the domain positioning in mutants is
determined by a repressive input which usually originates from
the adjacent posterior domain, as it was shown for wild type
embryos (Jaeger et al., 2004a). Indeed, in Krmutants the shift of gt
posterior domain happens because of the almost absence of
repression by the adjacent anterior domain (Kni) and rapidly
increasing repression by posterior Hb (Kozlov et al., 2012).
Moreover, analysis of gene expression in mutants provides
further evidence that the strongest repressive interactions occur
between alternating gap domains. In Kr mutants movement of
posterior Gt domain slows down when it reaches position of Kni
domain (Table 1 and Fig. 6C) and by gastrulation both domains
become expressed in the non-adjacent position to the anterior Hb
(Fig. 6F). In kni mutants Gt fails to shift to the position of missing
kni domain, as it does in Kr;kni double mutants, presumably
because of strong repression by Kr domain (Fig. 6E).
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smaller than the shift of posterior Gt (Fig. 6A, B and Supplemen-
tary Table S2). Differential shifts of the posterior domains
described in this study are in sharp contrast to those seen in tll
mutants, where shifts become larger, but in a manner that is very
similar for all affected domains (Janssens et al., this issue). This
difference may be a consequence of the fact that Kr and kni are
part of recurrent feedback loops (Jaeger et al., 2004a,b; Manu
et al., 2009a) but tll is not regulated by trunk gap genes (Bro¨nner
and Ja¨ckle, 1991, 1996).
Dynamics of eve expression in mutant embryos and heterozygotes
eve expression is altered in very different ways in kni mutant
embryos compared to those mutant for Kr.
First, in kni mutant embryos eve expression does not show any
signiﬁcant dynamics throughout cleavage cycle 14A. Second, in
kni mutants, the defects in eve pattern are more localized than
those seen in Kr mutants, and primarily manifest themselves in
the complete absence of stripes 4–6.
Kni has been shown to set the inside boundaries of stripes
4 and 6 at high concentration and those of stripes 3 and 7 at low
concentration (Clyde et al., 2003). Surprisingly, in kni null
mutants the posterior border of stripe 3 and the anterior border
of stripe 7 are still formed (Fig. 1A2–D2, Small et al., 1996). This
cannot be fully explained by the repression of pair-rule genes in
late cycle 14A (Small et al., 1996) as we detect stripe 3 even in
early time classes 3 and 4 (Fig. 1Y1, Z1). The posterior border of
stripe 3 is set by extremely low concentrations of Kni, that
requires very high sensitivity of the 3þ7 enhancer to this
transcription factor. Indeed, 3þ7 enhancer contains a lot of Kni
sites (Strufﬁ et al., 2011). The mechanism of Kni-mediated short-
range repression is intensively studied. Recently it has been
shown that Kni causes local changes in histone density and
acetylation in eve enhancers (Li and Arnosti, 2011) and that this
action requires the recruitment of Groucho cofactor, which is
known to be involved in long-range repression (Payankaulam and
Arnosti, 2009; Martinez and Arnosti, 2008). Evidently, to under-
stand the mechanism of formation of the stripes 3 and 7 inside
boundaries in kni null mutants it is necessary to further uncover
the biochemical mechanisms of short-range repression mediated
by other gap genes.
In contrast to kni mutants, the Kr mutation affects nearly all
the eve pattern from stripe 2 to stripe 6: stripes 2–3 and stripes
4–6 form two distinctive regions of expression (Fig. 1J1–N1) that
undergo dynamic changes throughout all cycle 14A (Fig. 1Y–N1).
In wild type embryos Kr sets the posterior border of eve stripe
2 and the anterior border of stripe 5 (Small et al., 1991; Stanojevic
et al., 1991; Fujioka et al., 1999). The absence of properly formed
stripe 6 in Kr mutants could be explained by the repressive action
of gap genes regulated by this gene. Namely, more than two-fold
decrease of gt expression (Fig. 4C) may result in merging of eve
stripes 5 and 6, which is observed in gt heterozygotes (not
shown). Moreover, expression of stripe 5 should be additionally
affected by the low concentration of Kni, as it does in kni
heterozygotes (Supplementary Fig. S7A). These alterations taken
together with the effect of Kr mutation on anterior border of
stripe 5 (Fujioka et al., 1999) could be the cause of the merged
4–6 stripe formation (Fig. 1K1–N1). In second half of cycle 14A
the position of the 4–6 domain coincides with the superimposed
Kni and Gt posterior domains (Supplementary Fig. S8), that
suggests the similar mechanism of their boundary establishment.
Indeed, in wild type embryos the outside boundaries of eve stripes
4 and 6, as well as those of Kni domain, are set by Hb (Clyde et al.,
2003). Repression by Hb is also responsible for the shift of Gt to
the position of Kni in Kr mutants (Fig. 6G, Kozlov et al., 2012).In heterozygotes eve patterns are affected to a much lesser
extent than in null mutants, but the half dose of Kr still alters a
broader region of eve expression than the half dose of kni (Fig. 5
and Supplementary Fig. S7). The dynamics of eve in Krþ/Kr
embryos deserves special consideration. The shape and size of the
early eve patterns resemble those in Kr null mutants, but later the
eve expression transforms into patterns very similar to wild type
(Fig. 5). At a functional level this represents a form of canalization
in which a mutant molecular phenotype is corrected. A possible
explanation for this transformation is that it takes longer to
express functional levels of Kr from a single copy of its gene,
and that the extremely low concentrations of Kr at early times are
only sufﬁcient for the formation of the mutant-like eve patterns.
The subsequent increase of Kr to a half-normal level (Supplemen-
tary Fig. S6A) appears to be sufﬁcient for the formation of the
seven-striped eve pattern, thus providing viability in heterozy-
gotes (Frasch and Levine, 1987).
A ﬁnal point concerns the effect of Kr dose on formation of the
posterior border of eve stripe 2. It has been shown that this
boundary is set by Kr repression in a concentration-dependent
manner (Small et al., 1991, 1992) in the sense that the border is
created by an increase in Kr expression during cleavage cycle 14A.
If Kr forms a morphogenetic gradient, it is reasonable to expect
that the lowered Kr concentration in heterozygotes would cause
the stripe’s posterior border to move to a more posterior location,
widening the stripe as reported (Warrior and Levine, 1990). We
ﬁnd that the width of eve stripe 2 is unaltered in Krþ/Kr
heterozygotes in T8 (Fig. 5B), but the previous observation, made
by a double exposure on Kodachrome, may reﬂect expression at
time class 5 or 6 when the stripe is wider (Fig. S6B). Similarly,
earlier reports indicated that stripes 2 and 3 were completely
fused in null Kr homozygotes (Frasch and Levine, 1987; Warrior
and Levine, 1990), while we ﬁnd that they are fused in time
classes 4–6 but then become separated by time class 8 (Fig. 1N1).
These points demonstrate the importance of high resolution in
space, time, and concentration for the precise characterization of
developmental processes.
Variability of gene expression in mutants
Many forms of variability in the expression of segmentation
genes exist in wild type embryos. These include positional varia-
bility, amplitude variability, and variability in the shape and the
order of appearance of expression domains (Surkova et al., 2008a).
Although most experimental (Houchmandzadeh et al., 2002; Spirov
and Holloway, 2003) and theoretical (Manu et al., 2009b) studies
have emphasized positional variability, the canalization of all of
these forms of variability in wild type means that their relative
importance cannot be assessed from a phenotypic standpoint.
In contrast, null mutations in Kr and kni result in spatially localized
defects in the Drosophila larval cuticle, which in the case of Kr vary
from embryo to embryo. Here we wanted to study different
components of variability in gene expression to gain insight
which of them may be responsible for the variability in cuticular
phenotype.
In Kr mutants the eve pattern evolves over the course of cycle
14A with some stripes becoming fused and other separated. We
investigated the extent to which this dynamic behavior translates
into the embryo-to-embryo variability in the pattern shape. As in
wild type, in Krmutants eve expression appears to be signiﬁcantly
variable in shape between individual embryos at time time of
stripe formation in both the 2–3 and 4–6 domains (Fig. 7A–D).
However, by gastrulation there is little expression variation in the
4–6 domain while the stripe 2–3 region still remain variable
because of variations in how these stripes split (Fig. 7E–H).
Moreover, in individual embryos late eve and ftz patterns in this
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independently from each other (Fig. 7J and K) like in early cycle
14A (Fig. 7I).
It has been well documented that in wild type embryos the
relative levels of eve and ftz expression prior to completion of
cellularization deﬁne the relative widths of odd- and even-
numbered parasegments (Fujioka et al., 1995; Hughes and
Krause, 2001; Fujioka et al., 2002). This is achieved by regulation
of en with involvement of intermediate targets, including odd, slp
and prd (Jaynes and Fujioka, 2004; Swantek and Gergen, 2004).
However, the detailed regulatory mechanisms underlying the
pair-rule to segment-polarity transition still remain unclear.
The results described above suggest that the variability of the
relative levels of Eve and Ftz in a region 40–55% EL, observed
throughout cycle 14A, may affect the precision of the paraseg-
ment borders determination. This assumption is in accordance
with the reported variability of cuticular phenotypes in Kr null
mutants, that is most apparent in the anterior part of the altered
cuticular pattern. It is likely that the anterior region of the altered
eve pattern in Kr embryos, that we refer to here as the stripes 2–3
region, gives rise to anterior portion of the altered cuticular
pattern that contains variable structures of reversed polarity
sometimes characterized as the sixth abdominal segment (A6)
(Nu¨sslein-Volhard and Wieschaus, 1980; Wieschaus et al., 1984;
Ingham et al., 1986). The posterior portion of the disrupted region
of cuticle, that shows considerably less phenotypic variation and
an enlarged but normal segment A6, may correspond to the eve4-
6 domain which is canalized by gastrulation.
All above indicates that despite the importance of the correct
position of gene expression, overall levels and kinetics of eve and
ftz expression may be also critical for viable development, and
that in this particular case positional variation may be indepen-
dent of variability in the patterns that determines variable
phenotype of the larval cuticle.
Although we found this very speciﬁc effect from amplitude
variation in the anterior of the embryo, variability in the position
of gene expression in single mutants clearly showed decanaliza-
tion in the posterior part of the embryo. In single Kr and kni
mutants the positional error of all trunk anterior domains (with
the exception of the anterior Hb domain at late times), the central
Kr domain, and the posterior Kni domain decreases by mid-cycle
14A, and their level of positional error is comparable to that in
wild type embryos. However, the positional variability of both the
Hb posterior domain and Eve stripe 7 that are located in the
posterior of an embryo at about 80% EL is high throughout
all cycle 14A (Tables 2 and 3, Fig. 8C). This increase in variability
may be explained by multiple lines of evidence that Bcd does
not have a role in the positioning of posterior gap domains
(Houchmandzadeh et al., 2002; Jaeger et al., 2004b; Manu et al.,
2009a). This variability is accompanied by perturbations of
zygotic regulation manifested in Krmutants by a strongly reduced
or absent Kni domain and the large anterior shift of the Gt
posterior domain (Fig. 2). The non-local nature of this effect
suggests that it arises from the overall regulatory architecture of
the posterior part of the blastoderm, an idea supported by the fact
that positional variability is decanalized not only in embryos
containing single homozygous mutations for Kr and kni but also in
single mutants for tll (Janssens et al., this issue).
Such a phenomenon can be interpreted in the evolutionary
context. It is well known that Drosophila, like other long germ-
band insects, has evolved from the short germband organisms in
which segments are not set simultaneously, but added sequen-
tially to the posterior end of the body after gastrulation (Damen,
2007). In vertebrates this relies on a mechanism characterized by
oscillating gene expression. Recently a cyclic expression of the
pair-rule genes odd (Tc-odd) and eve (Tc-eve) has been found inthe posterior growth zone of a short germband beetle Tribolium
castaneum (Sarrazin et al., 2012; El-Sherif et al., 2012). Moreover,
waves of Tc-eve expression propagating from the posterior pole
were detected even at the blastoderm stage of development (El-
Sherif et al., 2012). These results are consistent with the hypoth-
esis that pair-rule gene function was ancestrally connected with
the segmentation clock and subsequently evolved regulation by
gap genes, underlying Drosophila segmentation (Peel and Akam,
2003). Thus, there is an ancestrally determined instability in
segmentation gene expression at the posterior part of Drosophila
embryo, which may account for the highly variable posterior gene
expression in single gap gene mutants.
The dependence of positional variability on A–P position may
couple with large shifts seen in mutants. The positional variability
of the posterior Gt domain in Kr mutants decreases as it shifts
anteriorly to the position of Kni domain located at about 60% EL
(Table 1 and Supplementary Table S1, Fig. 6C and F). In early cycle
14A the spatial variability of this domain is extremely high but it
dynamically decreases to the wild type level prior to gastrulation
(Table 2). This means that during cycle 14A Gt moves from a
spatially unstable position in the posterior to a spatially stable
position and that strong repression from two Hb domains may be
responsible for this stabilization (Figs. 8A, B and 6F).
In contrast to single mutants, in double Kr;kni mutants the
positional variability is high both in the posterior and anterior
domains and it does not decrease over time. Thus we see that
when the products of two gap genes are removed from the
segmentation regulatory system, spatial precision is lost both in
the anterior and posterior parts of the embryo.
The level of gap gene expression is decreased in mutants
In the gap mutants considered here, the amplitude of almost
all gap domains is lower than in wild type embryos. In addition to
the posterior domains of kni, gt and hb expression, as well as the
anterior Hb domain (Fig. 4), we detect decrease in expression of
the anterior Gt domain in Kr mutants and of the central Kr
domain in kni mutants (Fig. 2A and Supplementary Fig. S1D).
Earlier publications also reported the lower expression level of
the posterior Gt domain in knimutants (Kraut and Levine, 1991b).
Posterior kni expression in Kr mutants has the lowest level
with respect to wild type among all the domains examined
(Figs. 4B and 2A–C), a point noted in the ﬁrst description of kni
expression at the qualitative level (Pankratz et al., 1989). In that
work, it was proposed that the decreased expression of kni mRNA
in Kr mutants is a result of its activation by Kr (Pankratz et al.,
1989), although a later study reported that kni expression was
restored in Kr;gt double mutants (Capovilla et al., 1992). This
result is usually interpreted as indicating that Kr affects kni
indirectly by repressing gt and preventing it from in turn repres-
sing kni. Our data does not fully support the repressive role of Gt
on kni, as in Krmutants kni expression is much lower than in wild
type even in early cycle 14A, and thus its fading is not correlated
with the shift of Gt domain into the territory of kni expression
(Figs. 4B and 6C). This movement seems to explain the reduction
in expression of gt itself as it shifts to the position with lower
concentration of its positive regulator Cad (Rivera-Pomar et al.,
1995). However, in kni mutants Gt domain does not change its
position as compared to wild type, but its amplitude fades
dramatically to a level of Kni in Kr mutants. This fact gave rise
to suggestion that Kni is activator of gt (Kraut and Levine, 1991b).
However, our results show that the amplitude of other gap
domains is also affected by kni mutation and thus this phenom-
enon should be considered systematically.
The quantitative reduction in gap gene levels in embryos
mutant for other gap genes is surprising. Multiple lines of
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Fig. 8. Dependence of spatial variability on a domain position. (A–B) Posterior domains of Kni, Gt and Hb in Krmutants are shown at (A) temporal class 1 and (B) temporal
class 8. The amplitude of all domains is normalized to the maximum expression level. Dashed horizontal lines designate A–P scattering of the domain border positions. The
variability of the posterior Gt domain decreases while it shifts to the position of Kni by gastrulation. (C) Variability of domain positions in Kr and kni mutants from time
group 4. Values of standard deviations correspond to the same features of gene expression domains as shown in Tables 2 and 3. Although the level of positional variation of
the posterior border of the anterior Hb domain in Kr mutants is high and equal to 2.4% EL, we do not show it here because it presumably depends on the defects in
formation of PS4 stripe (see Fig. 3M).
S. Surkova et al. / Developmental Biology 376 (2013) 99–112 111evidence, both experimental and theoretical, indicate that the gap
gene system functions by mutual repression (Jaeger, 2011), and
therefore the inactivation of one gap gene should result in an
increase and not a decrease of expression of other genes. Con-
centration dependent reversals of regulatory sign have been
proposed (Jaeger, 2011), but it has not been demonstrated that
they can account for the phenomena observed. A key problem is
that the decreases in gap gene expression reported here affect
domains distant from the wild type domain of the mutated gene.
How can such apparent ‘‘action at a distance’’ come about? All of
the affected nuclei are progeny of a single zygotic pronucleus, so
it is conceivable that some epigenetic change propagates from
this ancestral nucleus. Such mechanisms have not yet been found
in Drosophila, where it is believed that gap genes interact by the
diffusion of expressed gene products. The transcripts of gap genes
are detected as early as cleavage cycle 11 (Jaeger et al., 2007),
although protein, which presumably mediates cross regulation
cannot be detected until cycle 12 or 13. Moreover, the factors
which control early localized expression remain poorly under-
stood (Jaeger et al., 2007).
In wild type embryos from cycle 14A, the amplitude of gap
domains has a tendency to undergo the coordinated changes,
namely all gap domains decrease or cease to increase at the end of
this cleavage cycle. This could be explained by fading of the Bcd
and Cad activator gradients prior to gastrulation (Surkova et al.,
2008a). Mutations in gap genes aggravate this effect: gap gene
expression reaches maximum earlier than in wild type and
decreases to the lower levels thereafter (Fig. 4). This underlines
the importance of intact network for maintenance of normal gap
gene expression levels.Acknowledgments
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